In the present study, we investigated the effects of 7 and 14 days of re-loading following 14-day muscle unweighting (hindlimb suspension, HS) on iron transport, non-heme iron levels and oxidative damage in the gastrocnemius muscle of young (6 months) and old (32 months) male Fischer 344 × Brown Norway rats. Our results demonstrated that old rats had lower muscle mass, higher levels of total non-heme iron and oxidative damage in skeletal muscle in comparison with young rats. Non-heme iron concentrations and total non-heme iron amounts were 3.4-and 2.3-fold higher in aged rats as compared with their young counterparts, respectively. Seven and 14 days of re-loading was associated with higher muscle weights in young animals as compared with age-matched HS rats, but there was no difference in muscle weights among aged HS, 7 and 14 days of re-loading rats, indicating that aged rats may have a lower adaptability to muscle disuse and a lower capacity to recover from muscle atrophy. Protein levels of cellular iron transporters, such as divalent metal transport-1 (DMT1), transferrin receptor-1 (TfR1), Zip14, and ferroportin (FPN), and their mRNA abundance were determined. TfR1 protein and mRNA levels were significantly lower in aged muscle. Seven and 14 days of re-loading were associated with higher TfR1 mRNA and protein levels in young animals in comparison with their age-matched HS counterparts, but there was no difference between cohorts in aged animals, suggesting adaptive responses in the old to cope with iron deregulation. The extremely low expression of FPN in skeletal muscle might lead to inefficient iron export in the presence of iron overload and play a critical role in age-related iron accumulation in skeletal muscle. Moreover, oxidative stress was much greater in the muscles of the older animals measured as 4-hydroxy-2-nonhenal (HNE)-modified proteins and 8-oxo-7,8-dihydroguanosine levels. These markers remained fairly constant with either HS or re-loading in young rats. In old rats, HNE-modified proteins and 8-oxo-7,8-dihydroguanosine levels were markedly higher in HS and were lower after 7 days of recovery. However, no difference was observed following 14 days of recovery between control and re-loading animals. In conclusion, advanced age is associated with disruption of muscle iron metabolism which is further perturbed by disuse and persists over a longer time period.
Introduction
Acute muscle atrophy induced by unloading is accompanied by profound morphological and biochemical alterations, the recovery from which is impaired at advanced age (Zarzhevsky et al., 2001) . Disruption of muscle iron homeostasis has recently emerged as a potential factor involved in the pathogenesis of both sarcopenia of aging and disuse-induced muscle atrophy (Xu et al., 2010a) . Indeed, acute atrophy following hindlimb suspension (HS) is associated with markedly higher iron levels in skeletal muscle in aged rodents in conjunction with extensive oxidative damage (Hofer et al., 2008b) . Although essential for several life sustaining functions, iron is a highly redox-active metal capable of converting oxidant intermediates, such as hydrogen peroxide, into harmful free radical species (e.g., hydroxyl radical). Nucleic acids are good chelators of metals, making them especially vulnerable to iron-mediated damage in the presence of reactive oxygen species (ROS) (Wacker and Vallee, 1959) . Moreover, iron can catalyze the nitration of tyrosine residues resulting in extensive protein damage (Bian et al., 2003) . Hence, excessive iron accumulation may lead to considerable damage to muscle constituents, thereby contributing to the development of atrophy.
Iron is found in two main forms in the body: heme iron and nonheme iron. Iron as a part of heme is very stable. Non-heme iron occurs in several forms: stored in either the cytosolic protein ferritin or in the hemosiderin complex, as iron-sulfur clusters in enzymes of the electron transport chain, or as atomic iron bound to enzymes or as part of the transport protein transferrin (Hider and Zhou, 2005; Lill and Muhlenhoff, 2006) . A distinct fraction of chelatable non-heme iron is referred to as the labile-iron pool, which is extremely reactive and can produce highly destructive hydroxyl radicals even at trace levels (Xu et al., 2010a) . The age-related accumulation of non-heme iron in tissues increases the availability of labile redox-active iron, which may be causal to the extensive amounts of oxidative damage to biomolecules observed in aged tissue.
Cellular uptake, storage, transport and export of iron are tightly regulated through a multitude of factors (Chua et al., 2007; Dunn et al., 2007; Kohgo et al., 2008) . Iron cannot diffuse through cellular membranes unassisted. The primary route of cellular iron acquisition is through receptor-mediated endocytosis of transferrin (Tf) (Leverence et al., 2010) . Cells take up Tf-bound iron in proportion to their cell-surface expression of transferrin receptor (TfR1) (Hofer et al., 2008a) . During states of iron overload, a non-Tf-bound iron uptake pathway mediated by divalent metal transporter-1 (DMT1), Zip14 or L-type voltage-dependent Ca 2 + channels (LVDCCs) may occur. DMT1 can import iron into the cell, a mechanism which is essential for intestinal uptake of inorganic sources of dietary iron (Dunn et al., 2007) . Zip14 is a member of the SLC39A zinc transporter family, which is also involved in iron uptake by cells (Liuzzi et al., 2006) . In addition to playing a role in the non-Tf bound uptake pathway, DMT1 and Zip14 also participate in the assimilation of iron from Tf, suggesting that they are involved in both pathways of iron acquisition (Zhao et al., 2010; Xu et al., 2010a) . Iron export is mediated by ferroportin (FPN), the only known iron exporter in mammals to date (Donovan et al., 2005) . Although numerous studies have investigated cellular iron metabolism, little work has been conducted to investigate the effects of age, loading and re-loading on muscle iron transport. The present study was designed to examine age-related changes in iron homeostasis in rats subjected to muscle unloading and subsequent reloading. We hypothesized that the expression levels of myocyte iron transport proteins in aged animals would be altered during the development of acute muscle atrophy and would persist after HS, in conjunction with elevated levels of oxidative damage and impaired recovery from atrophy.
Materials and methods

Animals and experimental procedures
The study was approved by the Institutional Animal Care and Use Committee at the University of Kentucky. All procedures were performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals. Male Fischer 344 × Brown Norway rats (6 and 32 months of age) were purchased from the National Institute on Aging. Rats were divided into four groups (n = 8/each): non-suspended control, 14 days of HS, 14 days of HS followed by 7 days of ambulatory re-loading (HS + 7), and 14 days of HS followed by 14 days of ambulatory re-loading (HS +14). Animals were individually housed and maintained on a 12-h light/ dark cycle, at constant temperature and humidity, in a facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care. Rats had free access to NIH-31 average nutrient composition pellets and tap water. HS was performed as described previously (Gallegly et al., 2004; Hofer et al., 2008b) . Briefly, a tail device containing a hook was attached with gauze and cyanoacrylate glue while the animals were anesthetized with isoflurane (5% induction, 2% maintenance). After the animal regained consciousness, the tail device was connected via a thin cable to a pulley sliding on a vertically adjustable stainless steel bar running longitudinally above a high-sided cage. The system was designed in such a way that the rats could not rest their hind limbs against any side of the cage. Finally, rats were euthanized with an overdose of sodium pentobarbital (100 mg/kg). Gastrocnemius muscles were dissected, weighed, frozen in liquid nitrogen, and stored at −80°C until analysis. Muscle weights are reported as the average between the two legs. The gastrocnemius was selected for the study due to its mixed fiber composition, thus allowing for generalizing the results to other muscles. In addition, the substantial amount of tissue in gastrocnemius muscle allowed us to perform all the analyses on the same muscle.
Non-heme iron levels in the gastrocnemius muscle of rats
Muscle levels of non-heme iron were measured as previously described (Rebouche et al., 2004; Hofer et al., 2008b) . Briefly,~50 mg of the left gastrocnemius muscle was trimmed of fat and tendons and homogenized in deionized water (1:10 w:v) using a glass-glass Duall homogenizer on slush ice. A commercially available iron standard (High-Purity Standards, Charleston, SC) was diluted to 2, 4, 6, 8, and 10 μg iron/ml in deionized water. An equal amount of protein precipitation buffer [1 N HCl and 10% (v/v) trichloroacetic acid] was added to an aliquot (80 μl) of the homogenates, a blank (deionized water), or the iron standards, and the samples were incubated at 95°C for 60 min to denature proteins. Following centrifugation at 10,000 ×g for 10 min, the supernatant was collected and divided into two fractions. An equal amount of sample blank solution (1.5 M sodium acetate and 0.1% thioglycolic acid) was added to 40 μl of the supernatant, and a chromogen solution (0.508 mM ferrozine, 1.5 M sodium acetate, and 0.1% thioglycolic acid) was added to 70 μl of the supernatant. After 30 min of color development at room temperature, the absorption was determined at 562 nm in a quartz cuvette using a Beckman DU 640 spectrophotometer. After correction from sample blanks, the iron concentration was calibrated against the iron standard curve and expressed as μg per g of muscle.
Western blot analysis
Whole-tissue extracts were prepared by homogenization of frozen gastrocnemius muscle (~100 mg) using a polytron in HEM buffer (20 mM HEPES, 1 mM EDTA, 300 mM mannitol, pH 7.0) containing a cocktail of protease inhibitors (Sigma, St Louis). For the preparation of a membrane-enriched fraction, insoluble debris in tissue lysates were removed by low-speed centrifugation (10,000 ×g, 10 min, 0°C). The membrane fraction was pelleted by centrifugation at 100,000 ×g for 30 min and membranes resuspended in HEM buffer. After determination of protein concentration by the Bradford assay (Bradford, 1976) , membrane proteins were applied to pre-cast Tris·HCl gels (Bio-Rad, Hercules, CA) and transferred onto polyvinylidene difloride (PVDF) (Millipore) or nitrocellulose (BioRad) membranes. For FPN detection, samples were free of β-mercaptoethanol and non-boiled before loading. Blots were blocked in StartingBlock Blocking Buffer in Tris-buffered saline (TBS, pH 7.5) with 0.05% Tween 20 (TBS-t, Pierce Biotechnology, Rockford, IL) for 60 min at room temperature and probed with primary antibodies against TfR1 (Zymed, San Francisco, CA; dilution 1:2,000), FPN (1:200) (Knutson et al., 2005; Hansen et al., 2010; Xu et al., 2010b) , DMT1 (courtesy of Dr. Philippe Gros, McGill University; dilution 1:2,500), hemojuvelin (HJV) (courtesy of Dr. An-Sheng Zhang, Oregon Health and Science University; dilution 1:400) (Zhang et al., 2010 ), Zip14 (1:100) (Knutson et al., 2005) . Secondary antibody incubation was carried out for 30 min at room temperature, using anti-mouse (Sigma-Aldrich; 1:30,000) and anti-goat (Santa Cruz Biotechnology; 1:5,000) alkaline phosphatase-conjugated secondary antibodies. Membranes were washed in TBS-t, rinsed in TBS, and washed in Tris·HCl (100 mM, pH 9.5). Finally, the chemiluminescent substrate for alkaline phosphatase (Vector Laboratories, Burlingame, CA) was applied and the chemiluminescent signal captured with an Alpha Innotech Fluorchem SP imager (Alpha Innotech, San Leandro, CA). Digital images were analyzed using the AlphaEase FC software (Alpha Innotech). Spot density of target bands was normalized to the amount of protein loaded in each lane, as determined by densitometric analysis of the corresponding Ponceau S-stained membranes (Marzetti et al., 2009 ) and expressed as arbitrary optical density (OD) units.
Quantitative real-time polymerase chain reaction (qRT-PCR)
To determine the relative gene expression of iron-related proteins, qRT-PCR analysis was performed. Total RNA was isolated and DNasetreated as previously described . First strand cDNA synthesis was achieved from 2 μg of RNA using the MasterScript kit (5 Prime, Hamburg, Germany). qRT-PCR was performed using an Applied Biosystems 7300 Real-Time PCR System (ABI, Foster City, CA). Primers were designed with the on-board software Primer Express 3.0 (Table 1) . Power SYBR Green PCR Master Mix (ABI) was used employing ABI universal cycling conditions. Analysis of dissociation curves revealed single product amplifications. All samples were examined in triplicate, with the young non-suspension control group as a calibrator. For all genes, negative controls (i.e., no template and no reverse transcriptase) were also included. Differences in the expression of the target genes were determined by the 2 − ΔΔCT method (Livak and Schmittgen, 2001 ) with β-actin as the housekeeping gene, the expression of which did not differ among the experimental groups.
Dot blot analysis for 3-nitrotyrosine and HNE
HNE-adducts and 3-nitrotyrosine were determined via dot blot analysis as previously described . Briefly, 3 and 5 μl of gastrocnemius homogenate for 3-nitrotyrosine and HNEadducts were loaded onto a nitrocellulose membrane (Bio-Rad), respectively. Membranes were air-dried for 20 min and blocked in 2% casein with 0.05% Tween 20 for 1 h at room temperature. Membranes were subsequently incubated in primary antibody for 30 min at room temperature and washed three times in TBS-t (Pierce Biotechnology). The following primary antibodies and relative dilutions were used: mouse monoclonal anti-3-nitrotyrosine (Santa Cruz Biotechnology, Biotechnology, Santa Cruz, CA, 1:200); goat polyclonal anti-HNE (Alpha Diagnostic, San Antonio, TX, 1:500). Secondary antibody incubation was carried out for 30 min at room temperature, using anti-mouse (Sigma-Aldrich, 1:30,000) and anti-goat (Santa Cruz Biotechnology, 1:5,000) alkaline phosphatase-conjugated secondary antibodies. Membranes were washed in TBS-t, TBS, and Tris·HCl (100 mM, pH 9.5). Generation of the chemiluminescent signal, digital acquisition and densitometry analysis were performed as described in the Western blot experiments. Density of the target spot was normalized to total protein concentration as determined by the detergent-compatible D C assay (Bio-Rad) and expressed as arbitrary OD units % of total protein.
2.6. Measurement of RNA and DNA oxidation using HPLC-ECD Oxidation of RNA and DNA was quantified using a highperformance liquid chromatography coupled with electrochemical detection (HPLC-ECD) method as 8-oxo-7,8-dihydroguanosine/10 6 guanosine and 8-oxo-7,8-2′-deoxyguanosine/10 6 deoxyguanosine, respectively (Hofer et al., , 2008b Xu et al., 2008) . This procedure is based on high-salt nucleic acid release from proteins, followed by removal of proteins and fats by organic solvents at neutral pH, all in the presence of the metal chelator deferoxamine mesylate (DFOM) at 0°C. Muscle pieces were thawed, stripped of tendons on ice, weighed (~100 mg), minced, and homogenized on slush ice using a glass-glass Duall homogenizer in 2 ml (1:10 w:v) 3 M guanidine thiocyanate (GTC) buffer [0.2% (w/v) N-lauroylsarcosinate, 20 mM Tris, pH 7.5] containing 10 mM freshly prepared DFOM. After transferring the solution into phase-lock gel (PLG) tubes, an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1, pH 6.7) was added and the samples were immediately vortexed, followed by a 10 min vortexing period at 0°C to completely release nucleic acids as previously described . After centrifugation (14,000 ×g, 10 min, 0°C), the aqueous phase was transferred into a new PLG tube and extracted with an equal volume of chloroform/ isoamyl alcohol (24:1). Samples were hand-shaken and centrifuged, and the aqueous phase was collected followed by nucleic acid precipitation at − 80°C overnight after the addition of an equal amount of isopropanol. After centrifugation (14,000 × g, 10 min, 0°C), nucleic acids were washed with 70% (v/v) ethanol, dried, dissolved in 100 μl DNAse and RNase-free water containing 30 μM DFOM, and hydrolyzed using 4 U nuclease P 1 and 5 U alkaline phosphatase in buffer (30 mM sodium acetate, 20 μM ZnCl 2 , pH 5.3) at 50°C for 60 min. After filtration, samples were analyzed by high-performance liquid chromatography coupled to electrochemical and UV detection (HPLC-ECD/UV).
Statistical analysis
Statistical analyses were performed using GraphPad Prism Version 4.0 (GraphPad Software, San Diego, CA). The experiments were fully crossed, two-factor designs, with 2 levels of age (6 and 32 months) and 4 levels of treatment (Control, HS, HS + 7 and HS + 14). The two-way analysis of variance (ANOVA) allowed for the distinction between age and treatment effects as well as for the determination of a possible interaction between the two factors. We also reported whether there was a main age effect (independent of treatment) and/or a main effect of treatments (independent of age). When applicable, Tukey's multiple comparison test was performed. All tests were two-sided with significance set at p b 0.05. All data are reported as mean ± SEM. Correlations between variables were explored using Pearson's test. All tests were two-sided with statistical significance defined as p b 0.05. Data are presented as mean ± SEM.
Results
Advanced age and HS were associated with muscle atrophy
Body weight (BW) was higher in old animals than their young counterparts. HS and re-loading were associated with lower BW in Table 2 ). Muscle weight (MW) and MW to BW ratio (MW/BW) were lower in old controls than young rats (age effect: p b 0.0001; Table 2 ). HS was associated with lower MW and MW/BW in both young and old cohorts (treatment effect: p b 0.0001; Table 2 ). Difference in MW between HS and re-loading was observed in 6-month-old rats (age × treatment interaction: p b 0.05), but not in 32-month-old rats. Young animals subjected to 14 days of re-loading had higher MW than their age-matched rats subjected to 7 days of re-loading. In contrast, there was no difference in MW and MW/BW between HS, 7 days and 14 days of re-loading in old rats.
3.2. HS and re-loading were associated with higher non-heme iron concentrations in the gastrocnemius muscle of old, but not young rats
Non-heme iron concentrations in the gastrocnemius muscle of rats were 3.4-fold higher in 32-month-old controls as compared with their young counterparts (age effect: p b 0.0001; Fig. 1A ). Fourteen days of HS was associated with a much higher concentration of non-heme iron in muscles of old rats (p b 0.05), whereas no difference was observed in 6-month-old rats between control and HS treatment. In aged animals, there was no difference in concentrations of muscle non-heme iron between cohorts of HS, 7 days and 14 days of reloading.
Since HS affects iron and muscle weight in opposite manners, the total amount of non-heme iron in whole gastrocnemius muscle was calculated by multiplying non-heme iron concentration (μg/g) with the average muscle weight of left and right gastrocnemius muscles (g).
The total amount of non-heme iron in the gastrocnemius muscle of rats was significantly higher with age (age effect: p b 0.0001; Fig. 1B) . No significant treatment effect or interaction was observed for the total non-heme iron amount in the gastrocnemius muscle of rats.
3.3. Analysis of protein and gene expression of iron transporters and hemojuvelin (HJV) revealed specific alterations in the gastrocnemius muscle of old rats Protein levels of HJV in the gastrocnemius muscle remained unchanged with age, HS or re-loading treatments ( Fig. 2A) . In support of this finding, gene expression results showed no significant difference in HJV mRNA levels between young and old control rats (Fig. 2B) . However, 14 days of HS was associated with remarkably elevated HJV mRNA levels in both young and old rats (p b 0.05). Seven and 14 days of reloading following HS were associated with lower HJV mRNA levels in both young (HS vs. HS+ 7, p b 0.001; HS vs. HS+ 14, p b 0.01) and old rats (HS vs. HS+ 7, ns; HS vs. HS+ 14, p b 0.001).
With regard to the primary cellular iron import protein TfR1, protein levels were significantly lower in old control rats as compared with their young counterparts (age effect: p b 0.0001, Fig. 3A ). TfR1 protein levels in the gastrocnemius muscle of old rats did not differ between groups. However, 7 and 14 days of recovery following HS were associated with elevated TfR1 levels in young rats (age × treatment interaction: p b 0.05). There was a significant age-related decrease in TfR1 mRNA levels in the gastrocnemius muscle of rats (age, p b 0.0001; Fig. 3B ). Fourteen days of HS was associated with lower TfR1 mRNA levels in young, but not old rats in comparison with their age-matched controls.
Protein expression levels of Zip14 remained constant in control, HS, and HS plus 7 or 14 days of recovery in young rats (Fig. 3C) . Fourteen days of HS was associated with elevated Zip14 levels in old rats in comparison with their non-HS controls. No difference was observed in Zip14 levels between HS and 7 days of recovery in both young and old rats. However, 14 days of recovery was associated with lower Zip14 levels in old animals in comparison with their age-matched 7-and 14-day HS cohorts. Zip14 mRNA levels remained unchanged with age and treatments (Fig. 3D) .
Advanced age did not affect protein expression of DMT1 (Fig. 3E ). However, HS was associated with significant higher protein levels of DMT1 in old animals, whereas no difference was detected in young rats (age × treatment interaction: p b 0.001). This adaptation might at least in part account for the iron accumulation observed in old HS rats. Following 7 days of recovery, a marked higher DMT1 protein expression was observed in young rats, with a return to baseline levels at 14 days of recovery (Fig. 3E) . In contrast, in old rats, the early recovery phase (7 days of re-loading) was accompanied by lower DMT1 protein and mRNA levels (with or without iron-response element, IRE and nonIRE) in comparison with their HS counterparts, which may be interpreted as a compensatory, yet imperfect, response to the significant higher muscle iron concentration. At 14 days of reloading, difference between old HS and re-loading groups was observed in DMT1 mRNA, but not protein levels ( Fig. 3F and G) .
Moreover, we measured protein and mRNA levels of FPN in the gastrocnemius muscle of rats. The mRNA levels of FPN did not show any significant difference with age or HS (Fig. 3H) . However, 7 and 14 days of re-loading after HS were significantly associated with reduced FPN mRNA abundance relative to age-matched HS rats, implying that less iron may be exported out of cells in aged skeletal muscle during recovery. Protein levels of FPN in rat gastrocnemius muscle were too low to be detected using immunoblot analysis (data not shown), indicating that the absence of a positive iron export mechanism in skeletal muscle may contribute to the non-heme iron accumulation observed in aged muscle.
HS was associated with higher levels of lipid peroxidation and nitrosative stress in old, but not young rats
Lipid peroxidation and nitrosative stress, determined as HNEmodified proteins and 3-nitrotyrosine levels, respectively, were measured in the gastrocnemius muscle of rats via dot blot analysis (Fig. 4) . There was no difference observed in these markers between groups in young rats. In contrast, HS was associated with significantly elevated HNE protein adducts in old rats (p b 0.01) in comparison Table 2 Effects of aging, hindlimb suspension and re-loading on body weight (BW), gastrocnemius muscle wet weight (MW) and gastrocnemius muscle weight to body weight ratio (MW/BW) in Fischer344× Brown Norway rats at 6 and 32 months of age. with their age-matched controls (Fig. 4A) . Advanced age was associated with elevated nitrotyrosine levels (age effect: p b 0.0001; Fig. 4B ), with no difference with HS or re-loading treatments within each age cohort.
3.5. The age-associated increase in RNA, but not DNA, oxidation is exacerbated by HS A significant higher level of RNA oxidation in the gastrocnemius muscle of old rats was detected in comparison with that in young controls (age effect: p b 0.001, Fig. 4C ). RNA oxidation levels remained fairly constant with HS and re-loading treatments in young rats. In contrast, HS was associated with much higher levels of RNA oxidative damage relative to controls in the gastrocnemius muscle of aged animals. A significant lower level of RNA oxidation was observed in 7 days of reloading, but not 14 days of re-loading treatment between old HS and re-loading rats. In agreement with our previous findings (Hofer et al., 2008b) , the extent of DNA oxidation was unaffected by age or HS (Fig. 4D) . Furthermore, significant difference in DNA oxidative damage was not detected during re-loading within each age cohort.
Discussion
Sarcopenia, defined as the age-related degenerative loss of muscle mass, strength and function, is a serious health concern that contributes to disability, frailty and mortality in the elderly. The molecular mechanisms that contribute to sarcopenia are not fully understood. Recent advances in cellular and molecular biology have begun to unravel the complexity of the age-associated muscle atrophy, providing insights into the mechanisms behind the clinical manifestations. Recently, the role of iron in the pathogenesis of sarcopenia has attracted intense attention with respect to its potential as a mediator in oxidative stress pathways (Altun et al., 2007; Seo et al., 2008; Xu et al., 2008; Jung et al., 2008; Hofer et al., 2008b) .
In agreement with previous findings from our group (Hofer et al., 2008b) , advanced age was associated with higher levels of muscle non-heme iron, which were further elevated by disuse-induced atrophy. Since HS affects iron and muscle weight in opposite manners, the total amount of non-heme iron was calculated by multiplying non-heme iron concentration (μg/g) with the average muscle weight of left and right gastrocnemius muscles (g). The total amount of non-heme iron in the gastrocnemius muscle did not show any difference between groups within each age cohort, suggesting that advanced age is associated with non-heme iron accumulation in skeletal muscles and that muscle loss induced by HS contributes to remarkably high concentrations of non-heme iron in old rats. Although HS leads to muscle loss in both young and old rats, changes in the muscle weights of young rats did not result in significant changes in non-heme iron concentrations because of their relatively low non-heme iron amounts. However, slight loss in the muscle weight of old rats could lead to significant non-heme iron accumulation due to their significant high non-heme iron amounts in gastrocnemius muscles.
Mutations in the HJV gene cause juvenile hemochromatosis, characterized by hepcidin deficiency and severe iron overload (Papanikolaou et al., 2004) . Disruption of the gene in the mouse results in increased iron deposition in liver, pancreas, and heart and decreased iron levels in tissue macrophages (Huang et al., 2005; Silvestri et al., 2007) . A recent study by Chen et al. employing HJV conditional knockout mice has shown that HJV in skeletal muscle is dispensable Different letters are significantly different from each other (p b 0.05). Graph bar legends: Control, non-suspended control; HS, 14 days of HS; HS + 7, 14 days of HS followed by 7 days of ambulatory re-loading; HS + 14, 14 days of HS followed by 14 days of ambulatory re-loading. Fig. 1 . Changes in non-heme iron levels (μg/g wet tissue) and total non-heme iron amounts (μg/muscle) in the gastrocnemius muscle of young and old rats with HS and re-loading treatments. (A) HS was associated with higher non-heme iron concentration in the gastrocnemius muscle of old (p b 0.05), but not young rats. (B) Total amounts of non-heme iron were significantly higher in the gastrocnemius muscle of old rats (age effect: p b 0.0001). However, neither HS nor re-loading following HS affected non-heme iron amount in the gastrocnemius muscle for both young and old rats, indicating that disuse-induced muscle loss in aged animals contributes to non-heme iron accumulation. Values are means ± SEM (n = 7-8).
a,b,c Different letters are significantly different from each other (p b 0.05). Graph bar legends: Control, non-suspended control; HS, 14 days of HS; HS + 7, 14 days of HS followed by 7 days of ambulatory re-loading; HS + 14, 14 days of HS followed by 14 days of ambulatory re-loading.
for systemic iron homeostasis (Chen et al., 2011) . Our results suggest that HJV in skeletal muscle may also be dispensable for iron homeostasis in skeletal muscle.
In the present study, we also determined the expression levels of key membrane iron transport proteins and their mRNA abundance to investigate age-related changes of iron metabolism in skeletal muscle with unloading as well as re-loading. The TfR1-mediated iron import pathway is the primary route of cellular iron acquisition and its expression is commensurate to cellular iron uptake (Hofer et al., 2008a) . In agreement with findings from Jung et al. (2008) , both TfR1 protein and mRNA levels were remarkably lower in old animals, indicating that TfR1-mediated cellular iron acquisition Fig. 3 . Protein and gene expression levels of key iron transport proteins in the gastrocnemius muscle of young and old rats in control, HS, HS + 7 and HS + 14 groups. There was a significant age-related decrease in TfR1 protein (A) and gene expression (B) levels in gastrocnemius muscle (p b 0.0001). Post hoc analysis showed that re-loading following HS was associated with higher TfR1 protein levels in the gastrocnemius muscle of young rats, whereas TfR1 protein and mRNA levels did not differ between groups in old rats. Significant age, treatment and interaction effects have been observed in Zip14 protein levels (C), though mRNA levels (D) were fairly constant. (E) HS was associated with higher DMT1 protein levels in the gastrocnemius muscle of aged, but not young rats. Moreover, the mRNA levels of DMT1 nonIRE (F) and IRE (G) in the gastrocnemius muscle of young and old rats were determined. With respect to the only known iron export protein in mammals, the mRNA levels of FPN (H) didn't change with age or HS in gastrocnemius muscles. However, 7 and 14 days of re-loading after HS in old rats was associated with lower FPN mRNA levels in comparison with their age-matched HS animals. Values are means ± SEM (n = 7-8).
decreases with age in skeletal muscles. Age-related decrease of TfR1 may be interpreted as a compensatory response to high iron concentrations in the gastrocnemius muscle of aged animals. Other cellular iron import proteins, including DMT1 and Zip14, did not show any difference between groups in young animals, but remarkably higher levels were observed in old HS animals, suggesting that they may play an important role in HS-induced iron accumulation in aged animals. Since HJV has been shown to modulate the expression of hepcidin, the central regulator of whole body iron homeostasis (Nemeth and Ganz, 2009; Ganz and Nemeth, 2011) , we also determined HJV protein and mRNA levels. Although mRNA levels of HJV in the gastrocnemius muscle of both young and old rats were higher in HS treatment, the protein expression levels of HJV remained fairly constant between young and old rats as well as treatment groups within each age cohort, suggesting that HJV plays a very minor role in modulating iron metabolism in the skeletal muscle of rats. Indeed, Zhang et al. (2007) reported that muscular HJV levels were independent of body iron status.
Moreover, we measured both FPN protein and mRNA levels in the gastrocnemius muscle of rats. FPN mRNA abundance did not show any difference between young and old rats or control and HS treatment. However, 7 and 14 days of re-loading after HS were associated with lower FPN mRNA levels in old rats in comparison with their agematched HS animals, which may suggest that iron export is compromised following HS in old rats. Moreover, protein levels of FPN (the only known iron exporter in mammals) in rat gastrocnemius muscle were too low to be detected using immunoblot analysis, indicating that iron export in the gastrocnemius muscle of rats is likely negligible, contributing to age-related non-heme iron accumulation. As a whole, our data suggest that muscular iron import is greater than iron export, which may lead to non-heme iron accumulation in aged muscles.
In agreement with our previous study (Hofer et al., 2008b) , RNA oxidative damage was elevated in muscles of aged animals, in particular after a period of disuse. Seven days of re-loading was associated with lower levels of RNA oxidation relative to HS in aged rats, whereas RNA oxidation levels did not show any difference between HS and 14 days of re-loading, suggesting that HS is associated with persistent muscle oxidative damage in aged animals. In contrast, levels of DNA oxidation remained fairly constant in the gastrocnemius muscle of both young and old rats as well as in all treatment groups. This observation complements our previous investigations (Hofer et al., , 2008b Seo et al., 2006 Seo et al., , 2008 Xu et al., 2010a) confirming that that RNA is more susceptible to oxidative damage than DNA in aged skeletal muscle likely due to its widespread cytosolic distribution and the lack of repair and turnover mechanisms. Furthermore, we found that changes in HNE protein adducts and 3-nitrotyrosine levels in the gastrocnemius muscle of rats were analogous to those of RNA damage, indicating that HS in advanced age induces extensive oxidative damage which persists over the long-term, possibly impairing recovery from muscle atrophy.
We further examined specific correlations between non-heme iron levels (amount or concentration) and muscle mass, as well as between non-heme iron levels and oxidative damage markers (Table 3) . Different letters are significantly different from each other (p b 0.05). Graph bar legends: Control, non-suspended control; HS, 14 days of HS; HS + 7, 14 days of HS followed by 7 days of ambulatory re-loading; HS + 14, 14 days of HS followed by 14 days of ambulatory re-loading. There was a significant negative correlation between non-heme iron levels and muscle mass ( The negative relationship between iron and muscle mass implies that higher iron content is associated with lower muscle mass. Moreover, the positive correlations between iron levels and oxidative damage markers support the notion that higher non-heme levels may be linked to a greater release of free iron, which has a strong catalytic potential to generate cellular damage (Table 3 ). In our previous study, representative histology results have shown that muscle fibers with iron overload were associated with cell death and atrophy (Hofer et al., 2008b ). An additional study investigating the physical performance in iron-overloaded animals by Reardon and Allen has demonstrated that iron has the potential to induce significant changes in muscle function and contribute to weakness, fatigue and reduced exercise capacity (Reardon and Allen, 2009 ). Moreover, the observation that removing iron using an iron chelator, deferoxamine, ameliorated immobilization-induced muscle atrophy suggests that iron accumulation occurring with disuse is not actually part of the normal physiological mechanism by which atrophy occurs, but a pathological event contributing to muscle atrophy (Kondo et al., 1992) .
Conclusions
The current study shows for the first time that advanced age is associated with specific alterations in muscle iron handling. Acute muscle atrophy induced by HS is associated with further perturbations in iron homeostasis in aged muscles. The persistence of elevated iron levels during re-loading is linked with extensive oxidative damage to muscle macromolecules, which may partly explain the impaired recovery from atrophy experienced by old rats. Muscle iron import via TfR1 is lower in old rats, which may represent a compensatory mechanism aimed at countering excessive iron accumulation (Fig. 5) . However, DMT1-and Zip14-mediated iron uptake during HS may be at least partly responsible for non-heme iron overload in the atrophying muscle of aged animals (Fig. 5) . This condition may be further aggravated by the extremely low expression of FPN in skeletal muscle, which might result in an ineffective iron export in the presence of iron overload. Future research is warranted to determine whether iron chelation/removal protects against agerelated muscle atrophy, especially during periods of prolonged disuse.
Limitations of the study
One limitation of the current study is that mixed-fiber gastrocnemius muscles were used. Thus, the association of a particular subpopulation of fibers (Type I or Type II fibers) with iron accumulation in aging muscle could not be established. In addition, the accumulation of iron in skeletal muscles could be one of the potential contributors to accelerate the denervation of aged myofibers, which may be the primary cause of fiber atrophy in aging muscle (Rowan et al., 2011) . Additional studies are warranted to further critically assess iron levels and their impact on muscle denervation and atrophy in different sub-populations of fibers.
